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Abstract. 1 review the status of theoretical calculations relevant for electroweak physics at the Tevatron 
and LHC and discuss future directions. I also give a brief overview of current electroweak data and discuss 
future expectations. 
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1 Introduction 

Electroweak measurements are a very important part of 
the physics program of the Tevatron and the LHC. Of par- 
ticular interest are the search for the Higgs boson and the 
determination of its properties, and the measurement of 
electroweak precision observables, in particular the mea- 
surement of 

— the W mass, Mw, and W width, Fw, 

— the effective weak mixing angle, sin 2 9 e ff, and the for- 
ward - backward asymmetry, Afb , 

— the W and Z boson cross sections, a(W) and cr(Z), 
and their ratio, Ry//z-, 

— the W forward backward charge asymmetry, A(rj e ), 

— the £ + £~ [lv) differential cross sections above the Z 
(W) peak, 

— and di-boson (Wj, Zj, WW, WZ and ZZ) produc- 
tion. 

In the following I discuss the physics interest in these 
measurements, give a brief overview of the current exper- 
imental status and what to expect in the future (for more 
details see Refs. pQ - [3]), and discuss the current status 
and the prospects of the relevant theoretical calculations. 



2 Weak Boson Physics 

2.1 Measurement of the W mass 

The one-loop corrections to Mw depend quadratically on 
the top quark mass, mt, and logarithmically on the Higgs 
boson mass, run- Precise measurements of My/ and mt 
thus make it possible to extract information on mjj- 



In Run I of the Tevatron, the W mass has been mea- 
sured to M w = 80.456 ± 0.059 GeV 4 . The prelimi- 
nary value of the W mass from LEP2 is M w = 80.392 ± 
0.039 GeV [5]. When combined with the current world av- 
erage of the top quark mass, m t = 172.7 ± 2.9 GeV [B], 
this yields m H < 219 GeV at 95% CL for a Standard 
Model (SM) Higgs boson. 

In Run II, one hopes to achieve a precision of 6M\y = 
40 MeV per lepton channel and experiment for an inte- 
grated luminosity of 2 fb _1 [7], while the LHC may be 
able to reach a precision of 6Mw ~ 10 MeV using the 
W/Z transverse mass ratio and W — > \iv decays The 
present constraints on My/ and m t from LEP2 and Teva- 
tron data, and the results expected from measurements 
at the LHC, are compared with theoretical predictions in 
Fig. ^ Present data clearly favor a light SM Higgs boson, 
and are also in very good agreement with predictions of 
the minimal supersymmetric standard model (MSSM) [5]. 

To ensure that the My/ and m t measurements con- 
tribute equally to the uncertainty in a \ 2 test, the preci- 
sion on the top quark mass and the W mass should satisfy 
the relation ^H] 
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Since one expects to measure the top quark mass with 
a precision of 8m t = 1 — 2 GeV at the LHC JT], one 
needs to determine the W mass with a precision of about 
8My/ w 10 MeV so that it does not become the dominant 
uncertainty in the estimate of ran- Accurate theoretical 
predictions for W production are absolutely essential in 
order to measure the W mass with a precision of 10 MeV. 



2.2 sin 2 9 e ff 

Constraints on run can also be derived from the top quark 
mass and the effective weak mixing angle. At LEP, the ef- 
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Fig. 1. Constraints on Mw and wit from LEP2 and Teva- 
tron data, and expectations from the LHC, compared with the 
predictions of the SM and the MSSM. 
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Fig. 2. The W charge asymmetry as a function of r) e for elec- 
trons with 35 GeV < E T < 45 GeV and two different PDF 
parametrizations. 



together with the theoretical prediction for the ratio of the 
total W and Z production cross sections, the LEP mea- 
surement of the branching ratio B(Z — > £ + £~), and the 
SM prediction for the W — > £v decay width, can be used 
for an indirect determination of Fy/, A recent CDF mea- 
surement, IV = 2079 ±41 MeV ^H], is in good agreement 
with the SM prediction r$ M = 2092 ± 3 MeV 



fective weak mixing angle has been measured to sin 2 9 e f f = 
0.23153 ±0.00016 [T2]. This will be difficult to improve at 
the Tevatron or LHC. From a measurement of the for- 
ward - backward asymmetry, Afb, at the Tevatron one 
expects to reach a precision of 5 sin 2 f) e // — 0.0006 per 
lepton channel and experiment for an integrated luminos- 
ity of 10 ft)" 1 0. At the LHC, with 100 fb -1 , one hopes 
to achieve 8 sin 6 e ff — 0.00014 using forward electrons in 
a measurement of Aps in Z — > e + e~ events |13j . 



2.3 The Weak Boson Cross Sections and the W/Z 
Cross Section Ratio 



2.4 Direct Measurement of /V 

The width of the W boson can also be measured directly 
from the tail of the W — > £v (I — e, \i) transverse mass 
(Mt) distribution. Unlike the extraction of J\y from R\y/zi 
the measurement from the tail of the Mt distribution 
does not depend on theoretical assumptions; however, the 
method is currently not as precise as the measurement 
using Rw/z- This is illustrated by the recent combined 
Tevatron result, r w = 2078±62(stat)±60(syst) MeV |T7) . 
For 2 fb -1 one expects the direct measurement of TV to 
improve to STw — 50 MeV per lepton channel and exper- 
iment |18j . 



In the past, the measurement of the W and Z boson cross 
sections has provided a test of perturbative QCD. With 
the large data sets of Run II and the LHC, non-statistical 
uncertainties, in particular the luminosity error, become 
limiting factors. This is illustrated by the recent D0 mea- 
surements of the W and Z production cross sections ^1] 



a(W) ■ B(W -> ev\ 



a{Z) ■ B{Z -> e + e 



= 2865.2 ± 8.3(stat) ± 62.8(sys) 
±40.4(pdf) ± 186.2(lumi) pb, 

= 264.9 ± 3.9(stat) ± 8.5(sys) 
±5.1 (pdf) ± 17.2(lumi) pb. 



Provided that the W and Z cross sections are accurately 
predicted by theory, and the PDF uncertainties can be 
controlled, a(W) and a(Z) can be used as luminosity mon- 
itors. 

The cross section ratio 



R 



w/z 



a(pp -> W -> £uX) 



a(pp 



£+£-X) 



(2) 



2.5 The W charge asymmetry 

Another important electroweak measurement is that of 
the W charge asymmetry, 



A(r)e 



da(e + )/di] e — da(e )/di] e 
d<r(e + )/di] e + da(e~)/dr] e 



(3) 



where r\ e is the rapidity of the electron in W — > ev. ^4(?7e) 
is sensitive to the u- and ri-quark components of the PDFs, 
especially at large values of r] e and the electron transverse 
energy, Et- Results from CDF for 170 pb -1 of Run II 
data fnil are shown in Fig. [21 



2.6 Search for New Physics in Drell-Yan Production 

Many models of new physics predict new charged (W) 
or neutral (Z') gauge bosons. One can search for these 
particles in the high £ + £~ (£v) invariant (transverse) mass 
region. Information on the couplings of a Z' boson can be 
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obtained from the forward - backward asymmetry, Afb, 
at large di-lcpton masses. Present D0 data (200 pb" 1 ) 
require that m z , > 780 GeV at 95% CL for a SM-like Z' 
boson H3]. 

At the LHC, one can discover a Z' boson with mz' = 
4 — 5 TeV for 300 fb _1 and one will be able to severely 
constrain the couplings of the new vector boson |21| . 



2.7 Theory of Single Weak Boson Production 

The precision foreseen for electroweak measurements in 
Run II and at the LHC has to be matched by precise 
theoretical predictions, ie. QCD and electroweak (EW) 
radiative corrections have to be under control. 

The QCD corrections to the total W and Z boson cross 
sections at the next-to-next-to-leading (NNLO) level have 
been known for more than a decade [22] • Recently, the 
rapidity distribution of the Z boson has been calculated 
at NNLO, showing a dramatically reduced dependence of 
the differential cross section on the unphysical renormal- 
ization and factorization scales compared with the NLO 
prediction 123- Calculations of the resummed QCD cor- 
rections to predict the transverse momentum (qx) distri- 
butions of the W and Z bosons are also available |24| . 
The precise shape of the weak boson qr distribution for 
small transverse momenta, however, is still uncertain, in 
particular at the LHC |25| . 

With the the uncertainty from unknown higher order 
QCD corrections approaching the 1% level [22|, EW radia- 
tive corrections to weak boson production become impor- 
tant. EW corrections may also be enhanced by collinear 
logarithms near the W and Z resonances, and by Sudakov 
logarithms at large £ + £~ and £v invariant masses. A con- 
sistent calculation of EW radiative corrections requires 
parton distribution functions (PDFs) which take into ac- 
count QED corrections. Such PDFs exist now [2fij . 

There has been significant progress in the calculation 
of the EW radiative corrections to W and Z boson pro- 
duction in the past few years. Calculations of the full 0(a) 
EW corrections are available now |27U28| . 

The main effect of the EW corrections in the vicin- 
ity of the W and Z resonances is that they shift the 
W and Z masses extracted from data. The magnitude 
of the shift is about 50 MeV (150 MeV) for W -> ev 
(W — > /iv). Since both leptons can radiate photons, the 
shifts are about twice as large in Z events. The shift is 
mostly caused by final state photon radiation which is 
enhanced due to collinear logarithms of the form (cv/7r) 
\og(M^ v z / mj) , where mt is the mass of the charged lep- 
ton in W — > Iv or Z — > £ + £~ . Final state photon radiation 
distorts the shape of the Breit-Wigner resonance by reduc- 
ing the peak cross section by 20 — 30%, and (significantly) 
enhancing the cross section below the peak. This is shown 
in Fig. |3 for the Z case with only QED corrections taken 
into account |29| . 

Above the W/Z peak, the purely weak corrections be- 
come increasingly important, due to Sudakov- like loga- 
rithms of the form {a /it) log 2 (s/M^ z ), where s is the 
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Fig. 3. Ratio of the 0(o?) and lowest order differential cross 
sections as a function of the di-lepton invariant mass for pp — > 
l + l~(ri) at sfs = 1.8 TeV. 
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Fig. 4. The ratio [dcr° ( " 3) / 'dM T ]/[da Born / 'dM T ] as a function 
of the transverse mass for pp — > e + v e ( / y) at y/s — 2 TeV. 



squared invariant mass of the £ + £ or iv system. This 
is shown in Fig. 01 for the ev transverse mass. The solid 
line shows the ratio [da° {a ^ / dM T ]/[da Born / dM T ] tak- 
ing into account the complete 0(a) EW corrections. The 
dashed line shows the ratio in the pole approximation |23 
EH] where the WZ box diagrams responsible for the Su- 
dakov logarithms are absent. 

Since the logarithmic terms from the WZ box dia- 
grams change the slope of the Mt distribution, they shift 
the W width extracted from the tail of the Mt distri- 
bution. This shift, 8T W ps -7 MeV |2Zi, while not large, 
cannot be neglected if the Run II goal (see Sec. l2.4fl should 
be met. 

At the LHC, it will be possible to probe di-lepton in- 
variant and £v transverse masses of several TeV. In this 
region, the Sudakov logarithmic terms grow so large that 
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they have to be resummed. Although the resummation of 
electroweak Sudakov-like logarithms in general four fermion 
electroweak processes has been discussed in the litera- 
ture [30113 1| . a calculation of Iv production in hadronic 
collisions which includes resummation of electroweak log- 
arithms has not been carried out yet. 

Since final state photon radiation causes a significant 
shift in M\y and Mz, one has to worry about multiple 
(final) state photon radiation in weak boson production. 
Two photon radiation is known to considerably change 
the shape of the dilepton and tv transverse mass distribu- 
tions [32] • Recently, there have been several calculations 
of multi-photon radiation in W [55051] and Z decays [55] . 
The shift in the weak boson masses caused by multiple 
photon radiation is found to be about 10% of the shift orig- 
inating from one-photon emission 34,33]. For the muon 
final state, where the shift in the weak boson masses is 
particularly large, this is a non-negligible effect. 

The experimental precision which can be achieved for 
Myy strongly depends on how well the transverse momen- 
tum distribution of the W is known. Knowledge of the 
W qr distribution determines the missing transverse en- 
ergy {fj,) resolution in W events. The frp resolution de- 
termines how "sharp" the edge in the Mt distribution at 
Mt ~ Mw is, which in turn determines how well My/ can 
be measured. To constrain the W qx distribution, one uses 
data on the transverse momentum distribution of the Z 
boson, together with a theoretical prediction for the ratio 
[da(W)/dq T {W)]/[da(Z)/dq T (Z)]. For the W mass mea- 
surement one thus needs a calculation which includes both 
the resummed QCD corrections, the full 0(a) EW correc- 
tions, and effects from multiple photon radiation. A first 
step towards this lofty goal has been taken in Ref. |36) . 
where final state photon radiation was added to a calcu- 
lation of W boson production which includes resummed 
QCD corrections. 



3 Di-boson Production 



form factor scale, A |32]. The form factor scale is related to 
the scale of the new physics which causes non-SM TGCs. 

The WWV couplings can be measured in e + e~ — » 
W + W~, and in Wf, WZ and WW pair production at 
hadron colliders. Assuming C, P and SU(2) invariance, 
the LEP experiments have determined the independent 
couplings to 00] 



x. 



0.9841";°-, 

0,7^+0.044 

u.y<o_ 045 , 
-0.0281°;^. 



W + W~ production is sensitive to both the WWj and 
the WWZ couplings. To measure these couplings inde- 
pendently, one has to consider W"f and WZ production in 
hadronic collisions. Measurements of the WW*y couplings 
in Wj production have been performed in Run I |41j and 
in Run II 3 . The D0 Collaboration recently presented 
the first direct measurement of the WWZ couplings from 
WZ production. For 0.3 fb _1 , and assuming A = 1.5 TeV, 
they found that 02] 



-0.48 < X z < 0.48 
0.51 < gl < 1.66 



for Kz = gf = 1, 
for Xz = nz — 1 = 



at 95% CL. Note that, at hadron colliders, TGC limits 
depend on the form factor scale, A. 

Bounds on TGCs from hadron collider experiments 
scale roughly with (J Cdt) 1 ^. One thus expects that the 
ultimate precision which can be reached for the WWV 
couplings at the Tevatron will be a factor 1.6 to 2.5 better 
than that obtained from current data, depending on the 
final integrated luminosity. While the TGC bounds at the 
Tevatron only mildly depend on the form factor scale, the 
dependence on A is much more pronounced at the LHC. 
In general, the WWV couplings can be measured with a 
precision of 0(1O~ 2 - 10" 3 ) at the LHC [TU]. 



3.1 Experimental Results 

Di-boson production makes it possible to probe the WWj, 
WWZ, Zjj, ZZj and ZZZ self-couplings (TGCs). For 
details on these couplings and recent TGC measurements 
at the Tevatron see Ref. 3 . In the following I concentrate 
on the WW j and WWZ couplings and briefly summarize 
recent experimental results for these couplings. 

The most general WWV (V = 7, Z) vertex consistent 
with Lorentz invariance and electromagnetic gauge invari- 
ance has seven free parameters |37| . Assuming C and P 
conservation, five independent couplings, gf , Ky and Ay, 
remain. Requiring SU(2) invariance as well, Xz — X 1 and 
K z — Si — (k 7 — 1) tan 2 8w, where 0\y is the weak mixing 
angle [3H], and one is left with three independent cou- 
plings. In the SM, at tree level, gf = ny — 1 and Xy = 0. 
In order to avoid that S-matrix unitarity is violated, de- 
viations of the TGCs from their SM values have to be 
momentum dependent form factors which depend on the 



3.2 Theory of Di-boson Production 

All di-boson production processes are known to NLO in 
QCD 03J. At the LHC QCD corrections to di-boson pro- 
duction are large and increase with the pt of the vector 
bosons. The ratio of the NLO to LO cross sections (k- 
factor) for W + Z production at the LHC as a function of 
Pt(Z) is shown in Fig.0 Qualitatively similar results are 
obtained for the other di-boson processes. Since the QCD 
corrections give an effect which is qualitatively similar to 
that of anomalous TGCs, it will be essential to take them 
into account in any LHC di-boson analysis. 

The EW radiative corrections to the di-boson produc- 
tion processes are also known 03]. As in the case of single 
weak boson production, they become significant at large 
energies, due to EW Sudakov logarithms. For invariant 
masses in the TeV region they reduce the cross section by 
typically 5 - 20%. 
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Fig. 5. The ratio of the NLO to LO cross sections as a function 
of pr(Z) for W + Z production at the LHC. 
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Fig. 6. Limits achievable at 95% CL for the normalized Higgs 
boson self-coupling, AXhhh = (A — Asm) / Asm , at the LHC. 



4 Higgs Boson Physics 

The search for the SM Higgs boson is one of the main 
objectives of the LHC. Over the last decade, enormous 
progress has been made in providing accurate predictions 
for Higgs boson production and decays. In addition, in 
the last few years, many studies of how well the Higgs 
properties can be determined once this particle has been 
found have been performed. 

The NLO QCD corrections to Higgs production via 
gluon fusion have been calculated more than 10 years 
ago 03]- They enhance the gg — > H cross section by a 
factor 1.5 — 2. More recently, several groups have calcu- 
lated the NNLO QCD corrections to the total gg — > H 
cross section in the m t — > oo limit |46|. showing that 
the perturbative series starts to converge at this order. 
A fully differential NNLO calculation for gg — > H — > 77 
also exists 02] • Finally, the 0{a) corrections to Higgs pro- 
duction via gluon fusion have been computed They 
change the Higgs production cross section by 5 — 8% if 
m H = 115-160 GeV. 

For run < 200 GeV, production via vector boson fu- 
sion (VBF), qq' — > Hqq', is an important source for Higgs 
bosons. The QCD corrections to qq' — > Hqq' have been 
found to be modest HHJ- Associated production of Higgs 
bosons and top quarks, pp — > tiH , is a tool for measur- 
ing the top quark Yukawa coupling. At LO, the tiH cross 
section strongly depends on the factorization and renor- 
malization scales. Once NLO QCD corrections are taken 
into account, this dependence is greatly reduced [SUj. 

While Higgs production is well under control theoreti- 
cally, more reliable calculations are still needed for several 
background processes. In particular, calculations of the 
NLO QCD corrections are needed for tij, tibb and EW 
WWjj production. 

Once a Higgs candidate has been found, one would like 
to determine how the new particle couples to fcrmions, 
gauge bosons, and to itself. Several studies have shown 
that, with mild theoretical assumptions, the couplings of 



the new particle to fcrmions and gauge bosons can be 
measured with a precision of 10 — 30% at the LHC |51j . 

A measurement of the three Higgs boson self-coupling, 
A, with a similar precision is considerably more difficult. 
In order to probe A, one has to study Higgs pair produc- 
tion, gg -> HH. For m H > 150 GeV, the HH -> 4W -» 
£^£'^+4] channel offers the best chances |52H53) . As shown 
in Fig. with 300 fb -1 , it may be possible to rule out a 
vanishing of A for mj? = 150 — 200 GeV, and measure the 
HHH coupling with up to 20% accuracy at a SuperLHC 
with 3 ab _1 . For m H < 140 GeV, HH -> 6677 is the most 
promising final state. However, due to the tiny signal cross 
section in this channel, a luminosity upgrade for the LHC 
is needed. Even with 3 ab _1 one can only hope to achieve 
a precision of about 70% for A |54| . 

While the signal to background ratio is of 0(1) for 
HH -> &B77, it is roughly 1/5-1/10 for the L±t' ± +4j final 
state. The largest backgrounds contributing to £ ± ^' ± + 4j 
production originate from WWWjj, tiW and tij pro- 
duction. The tij background is particularly sensitive to 
the acceptance cuts imposed, and thus tricky to estimate. 
More realistic simulations for this background are needed. 
Furthermore, both signal and background cross sections 
show a significant scale dependence which could be re- 
duced by full calculations of the NLO QCD corrections to 
gg — > HH (for finite m t ), and the background reactions. 
None of these exist at the moment. 



5 Summary 

Electroweak physics at hadron colliders is precision physics. 
Accurate predictions are needed to fully utilize the poten- 
tial of the Tevatron and LHC for electroweak measure- 
ments. The theoretical predictions for weak boson and 
Higgs boson production have become increasingly accu- 
rate over the past few years. However, there is still much 
to do. In particular a calculation which combines QCD and 
EW radiative corrections for W and Z is needed, as well 
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as calculations of the NLO QCD corrections to a number 
of processes which contribute to the background in Higgs 
production. 
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